The primary purpose of water aeration is to increase the oxygen saturation of the water. This can be achieved by using hydraulic structures because of substantial air bubble entrainment at these structures. Closed conduit aeration is a particular instance of this. While there has been a great deal of research on air-demand ratio within closed conduit, very little research has specifically addressed aeration efficiency of closed conduit. In the present work an experimental study was conducted to investigate the aeration efficiency of high-head gated circular conduits. Results showed that highhead gated circular conduits were effective for oxygen transfer. The effects of Froude number and ratio of the water cross-sectional flow area to the conduit cross-sectional area on aeration efficiency were particularly significant, whereas the effect of conduit length was only moderate. Further, a design formula for the aeration efficiency was presented relating the aeration efficiency to ratio of water cross-sectional flow area to conduit cross-sectional area and Froude number. The obtained results will be useful in future modeling processes and aid the practicing engineer in predicting aeration efficiency for design purposes.
INTRODUCTION
Dissolved oxygen (DO) refers to the volume of oxygen that is contained in water. Hydraulic structures increase the amount of DO in a river system, even though the water is in contact with the structure for only a short time. The same quantity of oxygen transfer that normally would occur over several kilometres in a river can occur at a single hydraulic structure. The primary reason for this accelerated oxygen transfer is that air is entrained into the flow in the form of a large number of bubbles. These air bubbles greatly increase the surface area available for mass transfer. The physical process of oxygen transfer or oxygen absorption from the atmosphere acts to replenish the used oxygen. This process has been termed re-aeration or aeration.
If the gate of a high-head outlet conduit is partly opened, a high velocity flow occurs downstream of it resulting in subatmospheric pressures (Figure 1) . Theoretically, the pressure can be as low as the vapor pressure of water and may lead to structural damage owing to cavitation. To avoid severe subatmospheric pressures the conduit is connected to the atmosphere through an air intake pipe located downstream of the gate. Its purpose is to supply air and thereby keep the pressures downstream of the gate at a safe level. Whereas the required quantity of air depends on the entraining and carrying capacity of the flow, the pressure drop from the atmosphere behind the gate is a function of the gate opening (Sharma ) .
The air-demand ratio and the aeration efficiency in closed conduits and outlet works have been studied experimentally by Kalinske & Robertson () A comprehensive literature search did not identify any published analytical or physical studies of the aeration efficiency in high-head gated circular conduits. This paper reports an experimental investigation on the aeration efficiency of high-head gated circular conduit flow systems, including the effects of Froude number, ratio of the water cross-sectional flow area to the conduit cross-sectional area and conduit length on the aeration efficiency.
THEORY
The mass transfer rate (dm/dt) of gas molecules across an interface is known to be proportional to the concentration gradient across the interface, expressed as
where dm/dt is mass transfer rate of gas molecules across an interface, dC/dt is rate of change in concentration and k L is bulk liquid film coefficient. C s is the saturation concentration of oxygen in water at prevailing ambient conditions. The saturation concentration in distilled, deionized water may be obtained from charts or equations. This is an approximation because the saturation DO concentration for natural waters is often different from that of distilled, deionized water due to the impact of trace contaminants and salinity. C is the actual concentration of oxygen in the water at time t -the difference being proportional to the concentration gradient. The term A is the air-water contact area and V is the volume of water associated with this. Equation (1) does not consider sources and sinks of oxygen in the water body because their rates are relatively slow compared to the oxygen transfer that occurs at most hydraulic structures due to the increase in free-surface turbulence and the large quantity of air that is normally entrained into the flow. The predictive relations assume that C s is constant and determined by the water-atmosphere partitioning. If that assumption is made, C s is constant with respect to time, and the aeration efficiency, E, may be defined as (Gulliver et 
where u and d are subscripts indicating upstream and downstream locations, respectively. A value of E > 1 means the downstream water has become supersaturated (i.e., C d > C s ). E ¼ 1.0 means that the full transfer up to the saturation value has occurred at the structure. No transfer would correspond to E ¼ 0. Oxygen transfer efficiency is sensitive to water temperature, and investigators have typically employed a temperature correction factor. For hydraulic structures, Gulliver et al. () developed a relationship for temperature correction factor
where E is aeration efficiency at water temperature of measurement, E 20 is aeration efficiency at 20 W C and f is an exponent described by
where T is water temperature. 
EXPERIMENTAL
High-speed flow in closed conduit involves air-water mixture flow. The air flow results from the subatmospheric pressure downstream from the gate. The air entrained by the high-speed flow is supplied by the air intake pipe. The air entrained into the flow in the form of a large number of bubbles accelerates oxygen transfer and hence also aeration efficiency. This study was performed in an effort to better understand aeration efficiency of gated circular conduits with high-head flow conditions. A physical experimental setup of a circular, gated closed conduit was built at Firat University Hydraulic Laboratory, Turkey. Setup configurations were modified and data were measured to aid in the study of the effect of physical variables on aeration efficiency. All testing was performed in a physical experimental setup shown in Figure 2 . The experimental setup consisted of water tank, DO meter, mixer, water pump, flow control valve, electromagnetic flow meter, control gate, air intake pipe, circular conduit and collecting channel.
Most of the previous experimental works were conducted in rectangular conduits, whereas high-head conduits usually have circular cross-sections. In the present study, a 68 mm diameter pipeline with adjustable length was used. The conduit length L was varied from 2 to 6 m in 2 m increments. Froude numbers (Fr) were between 2 and 49. The Froude number was calculated by using Equation (5) using the effective depth (y e ) in the conduit
where V is water velocity at gate location, g is acceleration of gravity and y e , effective depth, is water cross-sectional flow area divided by water surface width. In the literature Froude number has often been based on the vena contracta section. Because high-head gated conduits involve high-velocity air-water mixture flow, to avoid the problem of determining flow depths and velocities at the vena contracta section, in this study the Froude number was based on the effective depth in the conduit. Ratio of the water cross-sectional flow area to the conduit cross-sectional area (φ) was selected as 15, 30, and 60% (see Figure 3) .
Two air intake pipes were installed immediately downstream of the gate. The air intake pipes consisted of 16 mm inside diameter pipes that had length of 180 mm. The sluice gate lip angle was 45 W . While water entered the flume under the sluice gate, a vacuum (air entrainment) occurred at the air intake pipe of the high-head conduit.
Air velocity rate was measured directly in the air intake pipe and was used to determine the air flow rate. The air velocity was determined by using a Testo Model 435 anemometer. This measurement was accomplished by locating the anemometer at the center of the air intake pipe. Each air velocity measurement was taken over a period of 60 s or longer. After obtaining a value of the air velocity, an air flow rate through the air intake pipe was calculated. The anemometer used for air velocity measurements was accurate to ±(0.2 m/s þ 1.5% of measurement value). Care was taken to ensure that the anemometer was always perpendicular to the direction of flow in the air intake pipe to provide the most accurate measurements possible. Water flow rates were measured using a calibrated electromagnetic flow meter.
Both the DO and the water temperature were measured using a calibrated WTW Model Oxi 330i oxygen meter. The DO meter was calibrated using calibration procedures recommended by the manufacturer. Clean tap water was used throughout the experiments. The water in the storage tank was deoxygenated using the sodium-sulfite method. Cobalt chloride catalyzed the reaction between molecular oxygen and sodium sulfite. Each experiment was started by filling the storage tank and adding sodium sulfite (Na 2 SO 3 ) and cobalt chloride (CoCl 2 ). A stirrer was used to mix sodium sulphite and cobalt chloride with the water, until the DO was reduced to approximately zero. The aeration efficiency values were calculated from Equation (2) and then adjusted to 20
W C with Equation (3).
RESULTS AND DISCUSSION
The purpose of this research was to determine the effects of specific physical variables on air-demand ratio (Q a /Q w ) and aeration efficiency (E 20 ) for a physical experiment of a highhead gated circular conduit. This objective was achieved by building a physical experimental setup, conducting experiments, obtaining data, analyzing the data, and presenting the results. Figures 4 and 5 show plots of the air-demand ratio in relation to Froude number for the ratio of water crosssectional flow area to conduit cross-sectional area and conduit length. As can be seen in these figures, Q a /Q w increased with Froude number up to a certain point and then Q a /Q w decreased with a further increase of Froude number. Q a /Q w decreased with increasing the ratio of water crosssectional flow area to conduit cross-sectional area. Again, it is evident that there was no significant difference in Q a /Q w with increasing conduit length.
Figures 6 and 7 show plots of the aeration efficiency in relation to Froude number for the ratio of water crosssectional flow area to conduit cross-sectional area and conduit length. As can be seen in these figures, the aeration efficiency increased with increasing Froude number. The reason for this is the increased Q a /Q w with increasing Froude number. Conduit length and the ratio of water cross-sectional flow area to conduit cross-sectional area have no important effects on E 20 . Results showed that for Fr > 20, increasing tendency of the aeration efficiency decreased.
Great care must be taken when scaling results from models of two-phase flows as size-scale effects may exist. Previous studies have shown that the percentage of air entrainment was not affected by the size of the model. However, scaling of aeration data to prototype size is virtually 
where E 20 is aeration efficiency at the 20 W C, φ is ratio of water cross-sectional flow area to conduit cross-sectional area and Fr is Froude number based on effective depth in conduit.
The measured aeration efficiency values were compared with those predicted with Equation (6). Good agreement between the measured values and the values computed from the empirical correlation was obtained. Further confidence in the correlation can be seen in Figure 8 .
CONCLUSIONS
In summary, this research presents an analysis of airdemand ratio and aeration efficiency in closed gated circular conduits for high-head flow. When the gate of a high-head conduit is partly opened, a high velocity flow occurs downstream of the gate resulting in subatmospheric pressures. Theoretically, these pressures can be as low as the vapor pressure of water. If the conduit is connected to the atmosphere through an air intake pipe located downstream of the gate, the air is drawn through the air intake pipe. Air entrained into the water is instantly forced downstream in the form of small air bubbles. The solution of oxygen into the water results from the air entrainment downstream of the high-head conduit. Moreover, high pressure in highhead conduit flow systems also facilitates the solution of oxygen into the water. The following conclusions can be made from this study.
The results indicated that high-head gated circular conduits are effective for oxygen transfer. Thus, using a highhead conduit flow system may significantly increase the solution of oxygen in water. The effects of Froude number and ratio of water cross-sectional flow area to conduit crosssectional area on aeration efficiency were particularly significant, whereas the effect of conduit length is only moderate. Further, a design formula for the aeration efficiency is presented relating the aeration efficiency to ratio of water cross-sectional flow area to conduit cross-sectional area and Froude number.
Designers can use the results of this study to improve the methods of practice or as a base for future research. This research dealt specifically with gated closed circular conduits. The different results may be due to differences in conduit geometry. Results taken from this study may not apply directly to different conduit geometry. Additional research is needed to better understand the effect of conduit geometry on aeration efficiency.
